The present study is a topographical analysis of thalamo-cortical relations as revealed by alterations in the electrocorticogram induced by localized thalamic stimulation. The work has been based upon the assumption that the complex spontaneous pattern of the cortex represents an aggregation of various sorts of activity, some of which might have separate anatomical substrates capable of more or less discrete activation.
DuBois mirror oscillograph driven by the output of five push-pull stage condenser coupled amplifiers.
In general the electrodes were placed on the sensorimotor cortex as follows: on the anterior sigmoid gyrus in two positions, one as medially as possible, and the other at the lateral end of the cruciate sulcus; three positions on the posterior sigmoid and coronal gyri, one medially in the position giving the greatest response to sciatic stimulation, a second somewhat more laterally and posteriorly in an area giving responses to the radial nerve, approximately position R 2 of Marshall, Woolsey and Bard (1941) and a third as far laterally as was easily exposible. It was hoped that the lateral electrode position was in the neighborhood of the sensory face representation and in some experiment,s this was verified by recording potentials here in response to slight mechanical stimulation of the face. It was impractical, however, to make a complete map of the cortex by peripheral stimulation in each preparation and to follow it with a map of the thalamocortical projection.
As the experiments progressed, it became clear that the localizatlion of thalamic stimulation was at all events not equal to the task of making sharp distinctions between arm, leg and face areas in the cat. In several experiments a third set of electrodes was placed in a line 6 to 10 mm. behind those on the posterior sigmoid gyrus so that they made contact with the anterior marginal, posterior coronal, and anterior suprasylvian gyri. Potentials were rarely recorded on any of these electrodes without concomitant activity in those placed on the posterior sigmoid, and in making the thalamic map illustrated below only the latter were specifically considered.
In four experiment's the frontal pole of the opposite hemisphere was cut away and electrodes placed upon the medial surface of the gyrus proreus.
The usual experimental procedure was as follows: all electrodes were connected to a selector box which allowed any possible combination of two to be fed to each of the six channels of the ink writer or to the amplifier supplying t,he DuBois instrument. Arrangements were then made by the use of the selector to record from six positions with the monopolar method.
The stimulating electrodes were then lowered into the thalamus by 1 mm. steps, the most medial and posterior position being explored first.
In most of the experiments four or five sagittal planes and three to five transverse planes separated by 2 mm. were thus explored.
Cortical positions giving moderate to la.rge potentlials were noted in the protocol for each thalamic point.
Relatively small (20 per cent or less of maximal) potentials were in general ignored when the monopolar recording system was employed.
In cases of doubt, the responses were analyzed by means of bipolar records, which were found to have considerably more localizing value than had the monopolar method.
When more accurate information in regard to latency and wave form was desired, photographic records were taken.
At the end of the experiments the brain was removed and fixed in formalin. In the majority of experiments sections were cut free hand and stimulation points identified by macroscopic inspection with reference to tlhe coordinates of the stereotactic instrument.
In others the tissue was imbedded in celloidin in the usual way, cut at 3Op, and alternate 5th sections stained with the Nissl and Pal-Weigert methods.
The active thalamic points identified by both these methods were plotted on enlarged tracings of the thalamus and its principal nuclei taken from the plates shown in the paper by Ranson and Ingram (1932) . The nomenclature of the thalamic nuclei cited in this paper is therefore that of the same authors.
For the final figures the number of plates was reduced by incorporating the points on two successive plates in one, a procedure which seemed justified, since the stimulus employed spread over at least a millimeter.
RESULTS.
Several types of cortical responses may be elicited by thalamic stimulation, some of which have been mentioned elsewhere (Morison, Dempsey and Morison, 1941a) . As might be expected from the intricacy of the fiber connections to, from, and within the thalamus, cortical response to stimulation within the thalamus may be quite complex and variable. Two general types with widely different properties may, however, be easily separated out and some of their variants identified. These may be schematized as follows. A. The "Primary" Response. 1. Description of response. Stimulation of the lateral thalamic mass gave rise to well-localized responses in the sensorimotor cortex. In the region of greatest activity these consisted of an initial deflection which was positive to the putative "active" lead. This was ordinarily followed by a negative deflection of varying degree and constancy, frequently recordable over a wider area than was the initial positive activity.
Both phases of the response sometimes increased in magnitude in response to succeeding stimuli at moderate frequencies (5 to 30 per sec.). At higher frequencies marked declines in both phases of the potentials were recorded, the negative being the most labile ( fig. IA) .
Frequencies of 60 per second usually reduced the responses to a fifth or less of their initial value in a few seconds. A few preparations gave appreciable responses for a considerable length of time at frequencies as high as 120 per second ( fig. 1) . No special study of this point was made, but it appeared that the conditions favorable for higher frequency of response were: light anesthesia, and stimulation distal to the thalamic projection nuclei, i.e., the thalamo-cortical radiations.
Especially striking ability to follow higher frequencies was exhibited by responses recorded from the anterior sigmoid gyrus to stimulation in N. ventralis pars arcuata.
In several instances the deflections recorded in the latter part of the series bore a striking resemblance to a series of sine waves, an effect presumably due to temporal dispersion.
No lower limit may be assigned for the latency of the phenomenon as the apparatus at hand was not suitable for accurate determinations, but gross latencies as long as 3 to 4 msec. for the positive and up to 8 msec. for the negative deflections have been encountered.
In general these times were shorter, the more rostra1 was the situation of the stimulation points.
Aside from the fact that the negativity tended to be marked over wider areas than was the initial positive deflection, no clear separation has been made between these two phenomena on the basis of thalamic topography.
Other evidence that the two phases of the somewhat similar callosal response of Curtis are separable is, however, available (Curtis, 1940) . The marked differences in the ability to follow frequency of the two elements (cf. fig. 1 ) suggest that the negativity is due to cortical elements separated by at least one synapse from those responsible for the initial deflection.
2. Localization of these responses in sensory and motor regions. Primary potentials occurred in these sensory areas when the thalamic and midbrain regions closely corresponding to the position of the medial lemniscus and of N. ventralis pars externa were stimulated ( fig. 2 ). Stimulation of other regions failed to produce the responses in the sensory cortex.
One qualification of the foregoing generalization is necessary. Stimulation of pars arcuata sometimes produced significant activit)y near the electrode on the cortical projection of the sciatic nerve.
This area occupies what amounts to a narrow peninsula of granular cortex extending into regions which histologically and physiologically are "motor" in type.
Various considerations render it very likely that the potentials recorded here in response to activation of pars arcuata arise not in sensory a,reas but in the surrounding "agranular" regions.
I. The monopolar method increased the potentials recorded, while bipolar records decreased them in comparison with the responses set up by sciatic or pars externa stimulation (figs. 3 and 4). 2. Stimulation of the latter structures almost never produced potentials anterior to the cruciate sulcus when producing their effects in the leg area, whereas activation of pars arcuata always did. 3. The potential produced by pars externa "blocked" with sciatic stimu-lation (see Dempsey and Morison, 1942, fig. 3 ), whereas that from pars arcuata did not ( fig. 3 ). 4. Careful removal of adjoining motor areas from the leg Fig. 2 . Sections of the diencephalon taken from Ranson and Ingram (1932) with thalamic points yielding cortical responses plotted upon them as follows: Primary responses: in anterior sigmoid gyri, solid squares; in sciatic cortical projection, hollow squares; in radial projection, hollow circles; laterally on coronal gyrus, hollow triangles. The "recruiting response" (see text) solid circles. sensory area (one experiment) abolished the activity produced by stimulation of pars arcuata while leaving the sciatic response unaffected.
These considerations make it almost certain that the primary projection of pars externa is discrete from that of pars arcuata, the former being the sensory and the latter the motor, and probably the so-called "premotor" regions, although the latter differentiation is not easily made in the cat. Nevertheless, in making the diagram ( fig. 2) all thalamic points which gave significant potentials in the region of the electrode placed over the cortical sensory projection of the sciatic nerve have been included unless maven sDurious in the course of the same experimentI. Similar difficulties were not so severe when dealing with the cortical representation of the radial nerve, except that points near the medial tip of externa frequently yielded potentials on both motor and sensory regions.
Since stimulation more medially gave responses purely in "motor" regions, while those more laterally gave purely "sensory" effects, this confusion was not serious (see fig. 2 , especially C and D). Localization of arm and leg areas within pars externa cannot be definitely established on the basis of these experiments. In the course of any single experi-, ment, shifting the stimulating electrodes by as little as 1 mm. in the thalamus caused a change in pattern of the cortical response. In general the more medial the thalamic stimulation the more lateral was the major cortical activity. When all the points were plotted together, however, the discreteness of the thalamic points tended to disappear ( fig. 2) . Undoubtedly afferents to the lateral part of the nucleus traverse more medial regions and medial radiations pass laterally to the capsule so that activation cannot be very discrete. Nevertheless, the most active region for producing responses in the cortical projection of the sciatic seemed to lie quite definit'ely in a restricted region at the ventral tip of externa underneath the anterior part of the lateral geniculate body (cf. the open squares in fig. 2, C and D) . Points most active for the radial nerve projection on the coronal gyrus lay in general more medially in the thalamus.
Stimulation of the posterior part of pars arcuata ( fig. 2 , B and C), when productive of a recordable response under our experimental conditions, usually gave effects on the anterior sigmoid electrodes, and in many cases most markedly so in lateral positions. Whether this represented activation of the face sensory area said to extend to the ventral tip of coronal sulcus (Waller, 1940) , or a motor area lying nearer the electrode, cannot be determined from these experiment's as the point was not sufficiently investigated. In the latter and more likely case, st,imulation of fibers of the brachium conjunctivum would presumably be responsible, since more ventral stimulation near this region in pars arcuata were shown to have such effects (fig. 2) .
3. Primary responses in other regions.
No detailed examination of primary responses in regions other than sensory a,nd motor cortex were made, but incidental observations which demonstrate the generality of the phenomenon may be mentioned. St'imulation in the region of t,he geniculat'e bodies gave rise to responses in various parts of the auditory and visual cortices with a discretleness which suggests that the method would provide a tool for those interested in geniculocortical relationships fully as accurate as the methods heretofore employed.
More interesting perha,ps is the fact that similar potentials have been recorded in cortical regions referred to as "association areas." These effects, in the cat at least, appear to be rarer or at least more difficult to obtain than are the responses of primary projection areas. Nevertheless, the gyrus proreus frequently exhibited primary responses when the electrodes were in or near N. medialis dorsalis. Owing to obvious technical difficulties it was not always easy to be sure that the records were not due to electrical spread from motor regions. A further difficulty lay in the fact that the records were necessarily complicated by the later "recruiting" response (see below). A sufficient number of cases exists in which the stimulating electrode was situated as far as possible from pars arcuata and the recorded potential though visible over a part of the anterior sigmoid increased markedly as the electrode approached, to allow one to assert that the primary response recorded was indeed due to activation of the association area.
In three out of four experiments in which specific search was made, localized responses were also recorded in the middle suprasylvian gyrus when the stimulated points were in the region of lateralis posterior and pulvinar, but not elsewhere in the thalamus.
B. The "Recruiting Response." 1. General description. In contrast to the well-localized type of "primary" responses described above, an effect of an entirely different character was produced by stimulation of a rather diffuse area in the region of the internal medullary lamina (fig. 2) . A detailed description of its properties and evidence that it has much in common with one feature of the spontaneous rhythm observed in nembutalized cats are given elsewhere c (Dempsey and Morison, 1942a and b) .
For the purposes of the present report it is sufficient to say that it rarely appears significantly in response to a single shock, but recruits rapidly at a critical freauency of from 5 to 15 per sec. This property has given rise to the tentative appellation of "recruiting response." The latency is very long (20 to 35 msec.) and does not change with repetitive stimulation. The response alternates in height and disappears rapidly at frequencies in excess of 15 per sec. Figure 5 illustrates some of these features. The recruiting response has been produced routinely when the stimulating electrodes were in the neighborhood of the internal medullary lamina and associated structures at levels B, C and D in figure 2 (solid circles). (The relative scarcity of points in fig. 2C is apparently not significant .) Stimulation further posteriorly has been more capricious. Some preparations gave effects as far back as the posterior commissure, but these were rarely so dependable or so intense as those obtained from the more rostra1 points. Anterior to level D, especially in lateral positions, complexities frequently occurred in the responses as recorded near motor areas, an effect due to the appearance of "primaries" from coincident stimulation of the ventral nucleus (see fig. 6 ).
In several preparations excitable areas for the recruiting response were traced through the anterior pole of the thalamus, beyond the levels illustrated in figure 2 and laterally into the internal capsule.
Aside from the frequent mixture with other types of response, no change in the recruiting responses was noted.
2. Cortical distribution of the recruiting response. During the course of the preceding experiments upon which the thalamic map was based, it became obvious that the recruiting response was more widely diffused over the cortex than were the so-called "primary"
responses.
Six additional experiments were carried out in which the stimulating needle was introduced into an active spot at about the level of figure 2 C or D and a map of cortical activity made with a pair of bipolar electrodes recording successively from positions separated by 2 to 4 mm. Repeated observations with slight displacement of the electrodes were made at critical areas where abrupt changes occurred, especially in the small region of large response in the posterior suprasylvian gyrus illustrated in figure 7 .
The results were then evaluated largely on the basis of intensity of recorded response, but other characteristics such as dependability, time of recruitment and rapidity of onset of alternation were also considered. The cortical areas were graded on a 5-point scale and the results plotted in figure 7A where the intensity of stippling varies directly with the amount of "recruiting" activity produced.
The number of experiments is not large nor the method impeccable, but the data were so consistent with themselves and with various other considerations which appear later that they seem worth submitting.
It will be seen from the figure that all parts of the readily exposable cortex participated in the recruiting response, but that the most striking results were recorded on the gyrus proreus, the middle suprasylvian, and a small triangular area at the lower margin of the posterior suprasylvian gyrus. During the course of each of the experiments a similar map of the spontaneous bursts of 8 to 12 per sec. activity, a prominent feature of the records of nembutalized cats, was made. The results are plotted in figure 7B and were found to be identical within the limits of the method with those obtained from plots of the recruiting response ( fig. 7A ).
DISCUSSION.
Attention
has already been drawn (Morison, Dempsey and Morison, 1941b) to one item of the electrocorticogram which depends upon subcortical structures other than the thalamus. It should be emphasized at the outset of the discussion that the present experiments have been designed with a view tlo "dissecting" in so far as possible the electrical activity of t,he cortex on the basis of its relations with the thalamus.
Emphasis has been placed upon separating the component parts from one another and describing the conditions under which this separation may be effected.
Emphasis on the separability of tlhe phenomena does not necessarily, however, deny the possibility of interaction. Indeed, it is hoped that, once adequate control of the discrete phenomena is established, further work towards knowledge of their integra'tion may be facilitated.
The experiments in section A appear t,o demonstrate that the cortical areas designated as sensory on other grounds, histological (cf. Gppers, Huber a,nd Crosby, 193G, for references), and physiological (Marshall, Woolsey and Bard, 1941) may be shown to exhibit electrical activity of a specific sort when ot(her cortical areas be set up bv ccats under moderate to d .eep nem butal anesthesia. This is thoroughly consiste nt with the knowledge that the medi al lemniscus ends in this nucleus (Ranson and Ingram, 1932) which in turn projects to the sensory cortex (cf. Waller, 1940, and others) . Similarly stimulation along the course of the fibers of the brachium conjunctivum and its relay nuclei more anteriorly yielded effects anterior to the sensory . cortex in motor or "premotor" regions ( fig. 2) . Whether or not the anterior active region is to be thought of as an anterior extension of pars arcuata (Ingram, Hannett and Ranson, 1932) or a posterior ext,ension of ventralis anterior is a question better left to others (cf. Waller, 1940, for references) .
We have adopted the former nomenclature since the figures of Ranson and Ingram were used as a basis for figure 2 in this paper in order to form a ready comparison wit(h the course of t!he brachium conjunctivum in their illustrations.
As to the projection of the posterior part of pars arcuata and especially its lateral extension dorsal to externa little may be said on the basis of these experiments (see fig. 2 ). Presumably it represents cortical face areas insufficiently explored in the present experiments.
As is well known, t*he experiments of Dusser de Barenne and others (cf. Dusser de Barenne and McCulloch for references, 1938) have established functional boundaries between face, arm and leg areas, a distinction in which the present experiments have been less successful for reasons connected with the electrical method of stimulation (cf. from sensory systems is section clearer A 2) . On the other hand, separation of motor with the electrical than wit'h the strychnine method.
The readiest explanation for the more widespread e ffect,s of is found in the assumption that th .e maximal stimulation of nuclear by the drug opens localized electrical circuits between motor currents.
It is obvious strychnine structures and sensory areas not activated by on other grounds that such connections must exist since it is a commonplace of general experience that sensory phenomena modify motor activity and vice versa.
Four possibilities for such interaction may be mentioned: 1, the thalamic nuclei may send primary projection fibers to more than one cortical area. This possibility is unlikely on the may be sent to adjacent cortical areas; 3, intrat!halamic fibers may connect the various relay nuclei; 4, corticocortical fibers may be responsible.
Evidence that the last of these possibilities plays a significant role is found in the many experiments of Dusser de Barenne, Mc&lloch and others who have demonstrated widespread corticocortical connections between the primary sensory projection centers and adjacent areas ordinarily defined as motor or associative.
The limit,ed experiments on other thalamo-cortical projection systems add physiological evidence to the conclusions of many anatomists (cf. Walker, 1938 , a.nd Gerebetzoff, 1937 , for references) that each cortical area has specific connections from appropriate thalamic nuclei. They also serve to generalize the "primary" cortical response as applying not only to the sensory projection areas, but to secondary "association" regions as well. The "recruiting"
response is much more difficult to correlate with available anatomical and physiological information.
Its widespread occurrence in response to localized stimuli suggests three anatomical possibilities:
1, that the thalamic area stimulated radiates to a localized cortical area whence activity spreads throughout the cortex; 2, that the active thalamic area connects directly to the ot,her t.halamocortical projection systems described above and throws them into the special form of activity represented by the recruiting response; 3, that there is a separate neuronal svstem involving medial thalamic areas which is responsible for the effects.
ieasons are advanced in accompanying papers (Dempsev and Morison, 1942a and b) for believing that the first two possibilit,ies are both unlikely.
The very long latency and striking temporal summat,ion or recruitment which the response exhibits suggest a diffuse multineuronal system, which can be driven or at least synchronized from a relatively sma'll t)halamic region.
The similarity in distribution (sectlion B, fig. 7 ) of tlhe intensit!y of this response to t,hat of one of the characteristic elements of the spontaneous electrocorticogram suggests that the anatomical substrate of the two phenomena is similar, a conclusion strongly reinforced by other evidence (Dempsey and Morison, 1942a) . Particularly interesting is the apparent concentration of effects in the gyrus proreus, middle suprasylvian and a small area in t,he occipital region, the first two of which at least are well recognized association areas. When one examines the anatomical possibilities available, a suggestion of Lorent)e de No concerning the non-specific thalamocortical fibers (lot. cit.) is the most helpful.
His conception (personal communication) is that various thalamic cell groups not ordinarily thought of as projection nuclei send fibers to the cortex which make more diffuse connections than do the specific projection fibers, and may be especially rich in association areas. In his opinion some of these nuclear structures might well be activated in the medial and intralaminar regions, stimulation of which produces the response ( fig. 2 ). It may be pointed out thatN centralis lateralis and the centre median, much of which is included in the active area, have not been found to have specific cortical projections.
On the other hand, parts of both have frequently been reported to degenerate in a
